Hierarchically nested hosts offer new opportunities to control the guest binding of the inner host, functionalize the cavity of the outer host, and investigate communication between different layers.
Introduction
Russian-doll-like superstructures 1 consisting of nested host-in-host complexes 2 as essential precursors, have intrigued supramolecular chemists for over a decade. 3 Besides the beauty of the hierarchical architectures, the binding properties of the inner host, ensconced within the outer host, may be changed through outer-host encapsulation. 1d,1g,4 This effect evokes the encapsulation of enzymes in nanometer-sized protein compartments to enhance and control enzymatic activity. 5 This strategy also offers a new approach to internally functionalize larger capsules, 6 endowing them with the ability to bind molecules that are not otherwise encapsulated.
These newly designed Russian dolls, which consist of robust, multiple three-dimensional nested hosts, thus compliment and build upon the foundations of those involving two-dimensional macrocycles 1a-j,1l or single assemblies with multi-layered walls.
1k,2e,2f
Coordination-driven self-assembled capsules 7 are excellent outer hosts because they may be designed to be large and to have wide-ranging guest binding abilities. They also exhibit structural adaptability as a consequence of the reversibility of their coordinative bonds. 8 In contrast, cryptophanes, 9 a type of covalent cage built from two cyclotribenzylene units, 10 serve very well as inner hosts. They encapsulate small molecules such as methane or xenon, as well as cations and anions. 9 Furthermore, many cryptophanes are inherently chiral. 9 When used in enantiopure form, 
Results and Discussion
Triazatruxene-based subcomponent A was synthesized in four steps from commercially available starting materials ( Figure S1 ). The reaction of subcomponent A (4 equiv) with iron(II)
bis ( T-symmetric tetrahedral enantiomers with homochiral faces and vertices. We infer that the homochiral configuration of 1 arises from the rigid three-fold symmetric ligands, which provide conformational rigidity to the cage framework, as has been observed for cages built from other C3-symmetric ligands. 13 Based upon the crystal structure discussed below, we infer these to be A4Δ4-1 and C4Λ4-1, with anticlockwise (A) triazatruxene panels always paired with Δ handedness of the iron(II) stereocenters, and clockwise (C) triazatruxene with Λ iron(II). We thus refer to these stereoisomers as Δ4-1 and Λ4-1, henceforth. peaks of free 1 and the concurrent appearance of a new set of peaks for the tetrahedron and its CRY guest, which were shifted upfield. All signals had the same diffusion coefficient (Figure 1c ), which correspond to the CRY⊂1 complex. As enantiomers of both 1 and CRY were present, and no diastereomeric species were observed by NMR after host-guest complexation, we infer stereoselective encapsulation to have taken place, forming a mixture of two enantiomeric hostguest complexes, which we infer to be PP-CRY⊂Δ4-1 and MM-CRY⊂Λ4-1 from the crystal structure discussed below. NOESY and ESI-MS spectra further indicated the formation of the 1:1 host-guest complex ( Figures S19 and S23 ). The binding constant of 1 for CRY was too high to be determined directly; we thus employed di(p-tolyl)fluorine as an intermediate guest ( Figure S24 ), allowing the determination of Ka = (9.5±0.4)×10 6 M -1 through competitive guest displacement ( Figure S27 ).
We then tested the binding ability of the host-in-host complex, CRY⊂1, for the cesium cation, which is a known guest of other cryptophanes. Cs NMR experiments. As shown in Figure 3a , after addition of Cs + , a new peak appeared at -316 ppm alongside the free Cs + peak at 32 ppm. This new peak was assigned to the Cs + inside CRY⊂1, experiencing a strong shielding effect. 14 Bubbling xenon gas through an acetonitrile solution of CRY⊂1 also resulted in clear changes to its 1 H NMR spectrum ( Figure S36 ), which were particularly significant in the region of the bound CRY, indicating encapsulation of Xe by CRY⊂1.
129
Xe NMR experiments using hyperpolarized Xe were then carried out. As shown in Figure 3b , in addition to the peak assigned to free Xe at 179 ppm, a new upfield peak at 47 ppm was observed, corresponding to Xe within CRY⊂1. Addition of excess CRY into the same sample gave rise to another peak of CRY-caged xenon, at 50 ppm with much weaker intensity due to the low solubility of CRY in acetonitrile ( Figure S37 ).
The outer tetrahedral layer thus contributes to the shielding effect experienced by caged xenon, in addition to the CRY core. 1D selective inversion 129 Xe EXSY experiments with variable mixing time gave an exchange rate between [Xe⊂CRY]⊂1 and free Xe of 11±2 Hz ( Figure S38 ). 17 We then set about investigating stereochemical communication between 1 and CRY in their Figure S40 ), which is 530 times smaller than the affinity of (9.5±0.4)×10 6 M -1 between PP-CRY and Δ4-1 noted above, indicating high enantioselectivity of binding.
Heating the initially-formed mixture of PP-CRY⊂Λ4-1 and PP-CRY⊂Δ4-1 to 150 °C for four hours in a microwave reactor, however, resulted in the conversion of the mixture to 97% PP-CRY⊂Δ4-1 ( Figure S41 ). The high temperature required and complete inversion of the chirality of all vertices suggest a mechanism of conversion involving a significant degree of cage disassembly and reassembly. Starting from MM-CRY resulted in the formation of the enantiomeric cage-incage product, MM-CRY⊂Λ4-1, in a comparable yield ( Figure S42 ). These enantiopure Russian doll precursors were isolated and purified by precipitation with diethyl ether. We infer that this efficient stereochemical information transfer 18 reflects the high degree of enantioselectivity in binding between PP-CRY and the two enantiomers of rac-1. CD spectroscopy also confirmed stereochemical communication within the CRY⊂1 system. As shown in Figure 5a , strong Cotton effects in the triazatruxene absorption region (300-350 nm)
and for metal-to-ligand charge-transfer (MLCT) (500-650 nm) were observed in CD spectra of the host-guest complexes when using enantiopure CRY. The positive CD MLCT band corresponds to induction of Δ handedness of the metal center by PP-CRY, as observed in the crystal structure.
This assignment is also consistent with previous observations. 13 No optical activity was observed when rac-CRY was used as the guest.
When achiral fullerene C60 displaced chiral CRY within 1 (Figures S43 and S44 (Figure 5b ), suggesting a stereochemical memory effect. 13 No decrease in the intensity of the CD signals was observed after a month in solution (13 μM) at room temperature ( Figure S45 ). We infer that the persistent stereochemical memory is a consequence of the structural integrity of the whole tetrahedral framework. This integrity is maintained by the rigid tritopic ligands of 1 during guest displacement, allowing this process to proceed without racemization. Xe nuclei thus were able to sense the chirality of the outermost cage, even though the inner CRY cage was always of PP stereochemistry. 14, 19 Moreover, the peak of xenon 
Conclusion
The new [guest⊂cage]⊂cage complexes presented herein comprise a new class of enantiopure Russian dolls, building upon the foundations of previous host-in-host complexes involving twodimensional macrocycles. 1a-j,1l As Cs + was initially bound by CRY in fast exchange on the NMR timescale and Xe was insufficiently encapsulated by the poorly acetonitrile-soluble CRY, our of CRY upon the framework of 1, followed by the displacement of the chiral guest, also represents a novel means to fix the stereochemistry of a host framework. These phenomena could prove useful for molecular-recognition-based applications, such as catalysis, separations, drug delivery and sensing.
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